A new dual phase-shifting moiré projection method is proposed for microscopic three-dimensional surface profilometry. One of the most difficult technological challenges encountered in employing moiré triangulation projection for automatic optical inspection (AOI) is to detect high contrast projected fringes from an object's surface having vast variation of surface reflectance. Surface reflectance from different surface regions could vary significantly due to diverse surface characteristics, such as texture and roughness, in which returning light may be arbitrary combination of specular reflection, diffusion and scattering. Undesired measurement results are common when deformed moiré fringes cannot be satisfactorily detected by an imaging detector. To resolve this, the proposed method generates a moiré fringe formed by employing a combination of the deformed fringe detected from the object's surface and a virtual sinusoidal grating self-generated by the computer. A spatial averaging approach is applied to phase-shifted moiré interferograms formed between one deformed fringe and virtual fringes having an equal shifted phase, such as /2. High-contrast phase-shifted interferograms can be generated for more accurate 3-D surface reconstruction via phase wrapping and unwrapping. One great advantage of the method is its tunable control over the moiré fringe period for reaching more measurable step heights without encountering phase ambiguity problem. From the experimental analysis using standard targets and industrial PCB, it is verified that the method can significantly improve measurement accuracy with a measuring standard deviation less than 0.14% of the overall measuring depth range when measuring a low reflected industrial object surface.
Introduction
Structured light projection or fringe projection is a full-field optical technique which is used to measure the microscopic three-dimensional object surface. Moiré topography method [1] has become a common non-contact method for precise measurements of three-dimensional shapes. In moiré topography method, a sinusoidal fringe structure light is projected onto the surface of an object and becomes a deformed fringe due to the height of the tested object and is then recorded by a CCD imaging device in a triangular optical configuration. And the deformed fringe then propagates through the second grid to lead to the formation of so called moiré fringes which represent contours of equal object heights.
To obtain the object shape, two main methods, namely Fourier transform profilometry (FTP) and phase shifting profilometry (PSP), are prevail for extracting the phase information and reconstruction of the object height. FTP records the deformed fringe image and analyzes the shape information by phase modulation and demodulation process. Takeda [2] [3] proposed this idea first, in which he employed Fourier frequency analysis on the deformed fringe image and extract object surface data. Su [4] proposed to perform calibration-based fringe projection using a two-frequency fringe pattern for 3D shape of objects having large discontinuous height steps. The above methods need precise filters such as a band-pass or low-pass filter [5, 6] to remove the undesired residual fringe noises in frequency domain from the extracted first order spectral data. However, the main difficulty for FTP lies on the fact that the resolution of the fringe image may impact the reconstruct accuracy and some shape information may be distorted during the demodulation process. However, the method has its unique advantages in possessing a simple optical setup and only requiring one-shot imaging for 3-D reconstruction. The other method is based on the phase shifting profilometry (PSP) by employing a linear translation of the sinusoidal projection or observation grating using a stepping motor or PZT (piezoelectric translator) [7, 8, 9] for resolving phase information. Kim [10] presented a high-speed moiré method of color grating projection, which performs 3-D contouring using only a single operation of fringe capturing, in which three colour gratings are translated at a fast speed with a 2 /3 phase offset. In general, by changing the relative distance between the projection and observation grating, the phase of the moiré fringe changes accordingly [11] . PSP is better than FTP in its vertical measurement resolution and accuracy, but poorer in its temporal resolution due to at least three shifted grating images acquired for resolving phase information. To perform 3-D map reconstruction successfully, its precondition for the above two methods critically lies on satisfactory acquisition of deformed fringe images with reasonable fringe contrast quality and signal to noise level. Failing in satisfying this precondition, PSP and FTP would not be possible to reconstruct 3-D map accurately.
Following above, one of the difficult technological challenges encountered in employing moiré triangulation projection for automatic optical inspection (AOI) is thus to detect high contrast projected fringes from an object's surface having vast variation of surface reflectance. Surface reflectance from different surface regions could vary significantly due to diverse surface characteristics, such as texture and roughness, in which returning light may be arbitrary combination of specular reflection, diffusion and scattering. Undesired measurement results are common when deformed moiré fringes cannot be satisfactorily detected by an imaging detector. When the deformed fringe cannot be detected accurately, 3-D reconstruction using Moiré projection usually fails. 3-D coplanar inspection on solider paste or micro bumps on PCB is a typical example of AOI task in dealing with a tested surface having diverse surface reflection characteristics.
Therefore, a new dual phase shifting moiré projection method is proposed in this paper for microscopic threedimensional surface profilometry. The developed optical system generates a moiré fringe using the deformed fringes being recorded from the object's surface and a virtual sinusoidal grating being created by the computer. Meanwhile, a spatial averaging approach and simultaneity phase shifted two gratings to get high contrast moiré fringe image which can make measurement accuracy and that another advantage of this method is by tunable the virtual fringe to control the moiré fringe period for measured different sizes objects without step height limit.
Optical system configuration of Dual Phase-shifting Moiré Projection
In Figure 1 , the experimental system employs a white light source, in which the light is collimated by a lens module and passes through a sinusoidal grating which is shifted a linear translator for generating accuracy shifted phase. Following this, the structured light passes through a magnification telecentric lens and is projected onto the measurement target that places in the reference plane. When the sinusoidal fringe hits the measurement target and become a deformed fringe due to the phase difference being generated by optical path difference (OPD) from the object profile. The deformed fringe is then interfered with a virtual computer-generated digital fringe before the formed moiré fringe is detected by an imaging device. As a result, the moiré fringes generated during each phaseshifting stage are processed by a personal computer via phase shifting, wrapping, unwrapping and phase to height transformation. 
Methodology of Dual Phase-shifting Moiré Projection
Illustrated in Figure 2 , a strategy using dual phase shifting is employed to move both of the physical sinusoidal fringe and the virtual digital fringe with an equal shifted phase, , in a 2 period simultaneously, in which can be expressed as follows: , of a deformed fringe image acquired from the object surface at each phase shifted step can be expressed, respectively, as follows:
where ( , ) x y is the coordinate of image; x and y represent the column and row image coordinate, respectively;
( , ) I x y is the light intensity; ( , ) a x y is the average light intensity of the background scene; ( , ) b x y is the modulation amplitude of the structured fringe; 1 x is the lateral position on the X axis along the sinusoidal pattern 1 g ; 1 p is the period of grating; 1 ( , ) x y is the initial phase in the sinusoidal pattern; N is the number of phase shifting; and, is the shifted phase of two gratings.
The deformed fringe is then interfered with a virtual computer-generated digital fringe before the formed moiré fringe is detected by an imaging device. The light intensity, 1ṽ N I , of the virtual fringe image defined by the computer is designed to be a sinusoidal fringe having the same phase shifted step, =2 /N, with the projected physical grating, in which 1ṽ N I can be expressed at each phase shifted step, respectively, as follows: By the interference between the physical and virtual corresponding gratings at each phase shifted step, the sum of these interferometric light intensities on the object surface at Point ( , ) S x y can be expressed as follows: 
x and 2 x can be substituted using the following definition according to the geometric relationship shown in Figure  2 :
Thus, Eq. (5) can be further expressed as follows:
The above equation can be further simplified as:
In Eq. (9), it is noticed that the second, third and fourth terms critically depend on the horizontal position, x, and . To analyze them, the second term can be first rewritten as:
When N is the multiple number of 4, I item2 becomes null. Similarly, the third and forth items can be rewritten as follows:
When N is the multiple number of 4, I item3 and I item4 become null as well.
In the last term (I item5 ), it represents the primary moiré fringe. By assuming that L z and D is constant in the measurement system, it can be simplified as: The above moiré fringe can be phase shifted by controlling the phase shifting size of the digital virtual fringe, which is varied from 0 to 2 by an interval of 2 /N. By doing so, N of moiré fringes with a phase shifted interval of 2 /N between all fringes can be formed by the sum of the interferometric light intensities on the object surface at Point ( , ) S x y . General phase shifting wrapping and unwrapping can be then employed to determine the object phase, which is used to reconstruct the object depth. Since T can be flexibly manipulated by the digital virtual fringe, the period of the formed moiré fringe is tunable by the computer.
Experimental results and analysis
To verify the feasibility and performance of the developed method, a standard step-height target and some industrial PCB having solder paste bumps for 3-D coplanarity inspection were employed in the experiment. Figure  3(a) shows the deformed fringe image acquired from the step-height target after a sinusoidal physical fringe was projected on it. It is clear that the deformed fringe was in a relatively low contrast (Figure 3(e) ) and there existed a high level of image noises. By directly superposing the deformed fringe image with the virtual grating (Figure 3(b) ), the moiré being formed was mixed by many high-order moiré fringes and still in a low contrast. To improve this, by using the proposed dual phase-shifting moiré projection method, a high-contrast moiré fringe shown in Figure 3(d) can be easily obtained. Figure 3 (e) and Figure 3(g) shows the light intensity of the red real line locating at the same position in Figure 3 (a) and Figure 3(d) , respectively, which the modulation transfer function (MTF) has been enhanced greatly by more than 200%. As a result, the depth resolution in determining the phase difference can be effectively improved.
By performing phase-shifting wrapping and unwrapping on the four-step phase shifted deformed fringes acquired by the traditional phase shifting method and the developed one, a comparison on the measurement accuracy of the step-height target was carried. Figure 3 Figure 3 (h) has a reconstructed stepheight profile with a higher resemblance to its target than the one in Figure (d) . Moreover, to verify the measurement accuracy of the step height of the target, a calibrated 3D confocal microscope (VK-9700) with vertical measurement accuracy better than 0.1 m was used to perform benchmarking on the developed method. The nominal step height of the target was 150.000 m. By following the ISO 5436-1 GPS standard, the measured step height by the VK-9700 was 150.18 m while the measured result from the developed method was 150.02 m. The measurement deviation was less than 0.2 m from the calibrator. The traditional phase shifting method obtained a step height of 151.58 m, in which a higher deviation exists. From a thirty-time repeatability test to the target, it also verified the proposed method had a standard error of less than 0.231 m while the traditional method only achieved a standard error of 0.89 m. Thus, from analyzing the measured results, it can verify that the developed method can greatly improve measurement accuracy and repeatability in reconstructing 3-D object profiles, in comparison with the traditional phase shifting fringe projection. 
Conclusions
A new dual phase-shifting moiré projection method for microscopic three-dimensional surface profilometry was successfully developed. The developed method has some important advantages on the enhancement of moiré fringe quality for higher measurement accuracy as well as easy manipulation over the moiré fringe's period for obtaining a larger measurable step height. A mathematical derivation on the proposed dual phase-shifting algorithm has been comprehensively provided to demonstrate the feasibility of the development. From the experimental results, it
